Introduction
The profile of LH secretion in ewes and rams depends upon the feedback actions of gonadal steroids throughout the year. In ewes, oestrogen acts in a primarily positive feedback manner during the breeding season to generate the LH surge, as well as oestrous behaviour, but changes to exert a negative feedback influence on LH secretion during anoestrus (Goodman, 1994) . In rams, testosterone exerts negative feedback actions on LH pulse frequency which are greatest in efficacy during the non-breeding season (Pelletier and Ortavant, 1975; D'Occhio et al., 1983) . Although the pituitary gland is an important site of gonadal steroid action, studies examining the effects of restricted brain lesions and those involving measurement of portal GnRH concentrations have shown that the hypothalamus is an equally, if not more important, location of oestrogen and androgen action in the regulation of LH secretion (Caraty and Locatelli, 1988; Tilbrook et al., 1991 and see Goodman, 1994) . Hence, to make further advances in our understanding of how steroids regulate LH release it has become essential that we define precisely which hypothalamic cell types are targeted by gonadal steroids to influence GnRH release into the portal circulation. As the effects of oestrogens and androgens depend upon season (Pelletier and Ortavant, 1975; Goodman, 1994) and the role of progesterone in regulating LH release is different in sheep compared with primates and rodents (Goodman, 1994) , it may not be sufficient to simply extrapolate data on steroid-receptive cells from other species to sheep. In an effort to define the cells possessing oestrogen receptors in the sheep hypothalamus, we (Skinner et al., 1992; Herbison et al., 1993a) and others at Nouzilly (Batailler et al., 1992; Blache et al., 1994) and Cincinnati (Lehman et al., 1993; Lehman and Karsch, 1993) have used the H222 monoclonal antibody directed against the hormone-binding domain of the human oestrogen receptor to determine the cells immunoreactive for this receptor and elucidate the neurotransmitters or neuropeptides that they synthesize. This review summarizes work to date involving the characterization of cells expressing oestrogen receptors in the ovine hypothalamus and provides an overview of recent work using the PG-21 antibody directed against the amino-terminal domain of the human androgen receptor (Prins et al., 1991) to map and characterize cells possessing androgen receptors in the ram hypothalamus.
Distribution of Oestrogen Receptor-Immunoreactive Cells in Ewes
As in other mammals, most cells containing oestrogen receptors in the brain of the ewe are located in the preoptic area (POA), adjoining anterior hypothalamic area (AHA), ventrolateral septum, bed nucleus of the stria terminalis (BNST), ventromedial nucleus (VMN) and arcuate nucleus (ARN; Herbison et al., 1993a; Lehman et al., 1993; Blache et al., 1994) . Large numbers of oestrogen receptor-immunoreactive cells are found in the medial aspect of the POA adjacent to both the wall of the third ventricle and the organum vasculosum of the lamina terminalis, which itself possesses many oestrogen receptor cells. Although the density of oestrogen receptor-positive cells decreases markedly in the AHA, a distinct cluster of densely packed oestrogen receptor-immunoreactive cells is found in the dorsal AHA. It has been suggested that this cell group may be equivalent to the posterodorsal nucleus (PDN) of rats (Ju and Swanson, 1989 ; also called the striohypothalamic nucleus) and it appears to be continuous with the principal encapsulated nucleus of the BNST which shares a similar high density of oestrogen receptor-immunoreactive cells in rats and sheep (Herbison et al., 1993a ). An oestrogen receptorcontaining, PDN-like structure has also been identified in the primate AHA (Herbison et al., in press receptor-immunoreactive cells in the VMN are located mainly in its ventrolateral division and extend in a broad band from beneath the fornix to the base of the brain where a small gap separates them from the oestrogen-receptor-containing cells of the ARN. In ewes, the highest density of oestrogen-receptorimmunoreactive cells is found in the ARN (Blache et al., 1994) and oestrogen receptor cells are distributed throughout the nucleus from the retrochiasmatic region to the level of the mammillary bodies. A few scattered oestrogen receptor-positive cells are present in the dorsomedial and posterior hypothalamic nuclei. A substantial number of oestrogen receptor-imunoreactive cells have been detected in the pars tuberalis (Skinner et al., 1992; Lehman and Karsch, 1993) and, as expected, in the pars distalis (Skinner et al., 1992) of the anterior pituitary gland. In addition, Lehman et al. (1993) reported oestrogen receptor-immunoreactive cells in the amygdala, hippocampus and periaqueductal grey of ovariectomized ewes.
The three studies that have described the distribution of oestrogen receptor-containing cells in ewes (Herbison et al., 1993a; Lehman et al., 1993; Blache et al., 1994) have all used the rat monoclonal H222 antibody (Greene et al., 1984) to define oestrogen receptors. Studies in rats with the H222 antibody have shown clearly that circulating oestrogen concentrations must be low to enable optimal visualization of oestrogen receptor immunoreactivity (Cintra et al., 1986; Herbison and Theodosis, 1992a; Blaustein, 1993) . Although oestrogen receptor synthesis is itself regulated by oestrogens (Simerly and Young, 1991) , the dependence of H222 staining on the relative absence of oestrogen in rats is thought to result from direct competition between the H222 antibody and oestrogen for the hormone-binding site on the oestrogen receptor (Blaustein, 1993) . On this basis, two of the distribution studies undertaken in ewes were carried out on ovariectomized animals (Herbison et al., 1993a; Lehman et al., 1993) . However, the most recent investigation (Blache et al., 1994) , 1981; Glass et al., 1984; Bittman and Blaustein, 1990 ).
Distribution of Androgen Receptor-Immunoreactive Cells in Rams
Using the polyclonal rabbit PG-21 antibody, we carried out initial studies to determine the distribution of androgen-receptor-immunoreactive cells in the hypothalamus of rams during the non-breeding season (A. Herbison, D. Skinner, J. Robinson and I. King, unpublished). In general, the overall distribution of cells is very similar to that of oestrogen receptors in ewes, and the largest numbers of androgen receptor-immunoreactive cells are found in the POA, VMN and ARN. Many cells containing androgen receptors are found in the medial POA where they lie next to the wall of the third ventricle or in the organum vasculosum of the lamina terminalis. Again, like cells expressing oestrogen receptors in ewes, fewer cells are seen in the AHA but a distinct cluster of androgen-receptor-containing cells is found in the PDN and the density and intensity of staining of these cells appear very similar to the androgen-receptor-immunoreactive cells detected in the principal encapsulated nucleus of the BNST. Cells immunoreactive for the androgen receptor are also located in other regions of the BNST and in the ventrolateral septum. Again, relatively few androgen-receptor-immunoreactive cells are found between the POA-AHA and mediobasal hypothalamus, although it is notable that androgen receptors are not detected in the supraoptic nucleus. A large population of androgen-receptor-containing cells is found in the VMN and most are located in the ventrolateral region similar to the oestrogen receptor-containing cells. However, a further group of androgen-receptor-immunoreactive cells is distributed more medially in the dorsomedial division of the VMN where oestrogen receptors are not found. Cells immunoreactive for the androgen receptor are detected throughout the ARN but at a much lower density compared with oestrogen-receptor-immunoreactive cells in ewes. Menard and Harlan (1993) using the PG -21 antibody in the rat brain, showed a very similar distribution of androgen-receptor-immunoreactive cells in the rat hypo thalamus.
Although at present the comparison must be made between ewes and rams, it is apparent that there are both overlapping and dissimilar distributions of oestrogen-receptorand androgen-receptorimmunoreactive cells in the sheep hypothalamus. The POA, lateral septum, PDN, principal encapsulated nucleus of the BNST and ventrolateral VMN appear to have very similar numbers and distributions of androgen receptor and oestrogen receptor cells. Other regions such as the supraoptic nucleus exhibit oestrogen receptors but not androgen receptors, whereas the dorsomedial VMN has androgen receptors but not oestrogen receptors and the ARN has markedly fewer androgen-receptor-containing cells compared with oestrogen-receptor-immunoreactive cells in ewes. The absence of androgen receptor immunoreactivity in intact ewes and only faint oestrogen receptor staining in intact rams (Herbison, unpublished) has prohibited us from determining whether the same cells in the overlapping regions express both oestrogen receptors and androgen receptors in intact animals. Geffroy-Roisne et al. (1993) demonstrated the presence of a cytosolic 50 kDa oestrogen receptor in the ram hypothalamus and reported that there are no sex differences in the number of cytosolic oestrogen receptors detected in the POA and mediobasal hypothalamus (Glass et al., 1984) . Our present studies using the H222 antibody in the intact ram indicate that the distribution of oestrogen-receptor-immunoreactive cells is approximately similar to that of its androgen-receptor-containing cells. However, the low intensity of oestrogen receptor immunoreactivity in intact rams suggests that oestrogen receptor protein concentrations in the cell nucleus may be lower in males than in females. The potential for aromatized androgens to compete with the H222 antibody for the oestrogen-receptor-hormone-binding domain makes investigation of castrated rams necessary to clarify this point.
Absence of Oestrogen and Androgen Receptors in Sheep GnRH Neurones
It is now apparent that GnRH neurones in a variety of species do not possess gonadal steroid receptors. In terms of androgen and oestrogen receptors, previous studies have reported that the GnRH neurones in female and male rats (Shivers et al., 1983; Herbison and Theodosis, 1992a) (Huang and Harlan, 1993) and our own studies (Herbison, unpublished; Fig. 1b) in intact rams also show an absence of androgen receptor immunoreactivity within GnRH neurones located throughout the hypothalamus. A further consistent observation from these doublelabelling studies in sheep, guinea-pigs and monkeys is that GnRH neurones are usually surrounded by oestrogen-receptorand androgen-receptor-immunoreactive cells (Fig. 1a, b) . It seems likely therefore that the genomic influences of oestrogen and androgen upon GnRH neurones are mediated by steroid-receptive interneurone populations.
Neurochemical Identity of Oestrogen-and Androgen-Receptor-Expressing Cells in Sheep Hypothalamus

Preopticand anterior hypothalamic areas
The only neuronal cell population shown to express oestrogen receptors in the POA is the population that synthesizes the inhibitory amino acid, gamma amino butyric acid (GABA, Fig. 1c POA and about 30% of the many neurones containing GABA located in this area (Table 1; Herbison et al., 1993a) . Although studies have yet to be conducted to establish whether GABA neurones in the POA express androgen receptors, the density of GABA neurones and androgen-receptorimmunoreactive cells in this region make co-expression likely. The AI4 group of dopaminergic neurones residing in the POA do not possess oestrogen receptors in ovariectomized ewes (Lehman and Karsh, 1993) . The small number of parvocellular neurones containing calcitonin gene-related peptide (CGRP) found in the POA (Herbison et al., I993b) are not immunoreactive for oestrogen receptors in either ovariectomized or anoestrous ewes ( Fig. 1) , or androgen receptors in intact rams (Herbison, unpublished). However, a few neurones staining lightly for CGRP located in the BNST have been detected to express oestrogen receptors (Fig. If) .
Periventriculcirregion
Although oestrogen-receptor-immunoreactive cells are readily detectable in this region outside of the paraventricular nucleus (PVN), double-labelling studies have failed to detect oestrogen receptors in any of the dopaminergic cells in this region (Lehman and Karsch, 1993 
Ventrorneciial nucleus
Preliminary work in anoestrous ewes has shown that, as in rats (Herbison, 1994) , a large population of somatostatin-immunoreactive neurones are located in the ventrolateral VMN and over a third of these cells express oestrogen receptors in ewes and androgen receptors in rams (Herbison, unpublished) . In ewes, about 70% of the neurones expressing oestrogen receptors in this region synthesize somatostatin compared with approximately 40% of androgen-receptor-immunoreactive cells in the ventrolateral VMN of rams (Fig. Id) . The dorsomedial division of the VMN receives a dense somatostatin innervation and it seems likely that the androgen-receptor-immunoreactive cells in this region receive somatos Latin inputs.
Arcuate nucleus
Batailler et al. (1992) and Lehman and Karsch (1993) have shown that a small subpopulation of the Al2 dopaminergic neurones scattered throughout the ARN express oestrogen receptors. In the former study, these cells were estimated to account for less than 10% of all oestrogen-receptor-immunoreactive neurones in the ARN, while in the second report, 3-5% of the dopaminergic neurones were shown to be immunoreactive for the oestrogen receptor. Preliminary investigations (Herbison, unpublished) have been unable to detect androgen receptors in AI2 dopaminergic neurones of rams. More numerous in the ARN, however, are the 15-20% of 0-endorphin-immunoreactive cells that possess oestrogen receptors (Lehman and Karsch, 1993) . Although located throughout the ARN, neurones co-expressing 0-endorphin and oestrogen receptors are clustered in particularly large numbers at the base of the third ventricle. The small population of somatostatin neurones located in the dorsomedial aspect of the ARN do not possess oestrogen receptors (Herbison, unpublished). 
Anterior pituitary
Species Differences
As the GnRH neurones of all mammals examined lack nuclear gonadal steroid receptors, there may be a common indirect mechanism of gonadal steroid input to these cells. Across species uniformity in specific steroid-receptive cells believed to interact with GnRH neurones might suggest an essential role for these cell types in, for example, the generation of the LH surge, while the identification of steroid-receptive populations peculiar to a single species might suggest a role for these cells in steroid-dependent functions unique to that species. At present, all four of the neurochemically identified neural populations containing oestrogen receptors in sheep have also been reported to express oestrogen receptors in the same regions of the rodent brain: the preop tic GABA neurones (Flugge ef al., 1986) , cells in the ventromedial nucleus containing somatostatin (Herbison, 1994) and the dopaminergic and 0-endorphin neurones of the ARN (Sar, 1984; MoreII ef al., 1985; Jirikowski et al., 1986) . Equally, the dopaminergic neurones of the POA-AHA and periventricular somatostatin cells do not express oestrogen receptors in either ovariectomized sheep or rats (Sar, 1984; Herbison and Theodosis, 1992a, 1993) . In contrast, however, the preoptic CGRP neurones of sheep do not display oestrogen receptors (Fig. 2 ) or sex differences (Robinson and Herbison, unpublished) as they do in rats (Herbison and Theodosis, 1992b) and the presence of oestrogen receptors in neurones containing neurotensin, natriuretic peptide and galanin, as found in the rat preoptic area (Herbison and Theodosis, 1992a; Bloch et (71., 1992; Watson et al., 1994) , has not been reported in sheep. However, it was surprising to find that the Al2 dopaminergic cells of female monkeys do not express oestrogen receptors (Herbison et al., 1994) , suggesting a species difference in the steroid regulation and a precise role of this neuroendocrine cell population. Although present observations in the sheep are restricted to the identification of neural populations the detection of which does not require colchicine treatment, the above argument would indicate that the oestrogen receptive GABA, somatostatin and 0-endorphin neurones (Fig. 2) POA, VMN and ARN, respectively, form part of a core group of gonadal-steroid-expressing neurones responsible for the regulation of elements of reproductive behaviour common to several species.
How do Oestrogens and Androgens Influence GnRH Neurones?
The identification of cells possessing oestrogen receptors and androgen receptors in the sheep hypothalamus is clearly far from complete; the neurotransmitters and neuropeptides synthesized by 60-100% of oestrogen-receptorand androgen-receptor-containing cells in the POA is unknown, as is the identity of 80-90% of steroid-receptive neurones in the ARN. Furthermore, the precise relationship of the various populations of neurones expressing gonadal steroid receptors to the steroid-dependent control of different components of reproductive hormone secretion or behaviour are unknown. Nevertheless, the present information (Fig. 2) , combined with neural monitoring and neuropharmacological studies in sheep provides a start in determining the way in which oestrogens and androgens are likely to orchestrate several neural populations to influence the activity of GnRH neurones.
In sheep, dopamine is perhaps the most investigated of the classical neurotransmitters with respect to a role in mediating gonadal steroid influences on LH secretion. Results from several laboratories (see Goodman, 1994) indicate that dopamine may be particularly important in mediating part of the negative feedback effects of oestrogen on LH during the non-breeding season in ewes. It has been proposed that the rostral hypothalamic A14 and A15 dopaminergic neurones (Thiery et al., 1988; Havern et al., 1994) can inhibit GnRH release presynaptically at the level of the median eminence (Kuljis and Advis, 1989) and that these neurones are activated by oestrogen during the non-breeding season but not at other times (Goodman, 1994) . It is perplexing, therefore, to find that the A14 and A15 dopaminergic neurones do not express oestrogen receptor immunoreactivity in ovariectomized ewes (Lehman and Karsch, 1993) . Such observations indicate that if the A14 and A15 groups are to be involved in oestrogen negative feedback on LH secretion, oestrogen must influence these cells either indirectly, through yet another interneurone population, or in a non-genomic manner. Indirect evidence to support the latter contention comes from recent studies in rats in which oestradiol exerts rapid non-genomic actions on A10 dopaminergic neurones (Thompson and Moss, 1994) . A further possibility for the A14 and A15 cells is that they may express immunocytochemically detectable oestrogen receptors only in anoestrous and not in ovariectomized or breeding season ewes when dopamine is not thought to have a role in regulating LH secretion (Goodman, 1994) . However, it would seem that this does not occur in GnRH neurones, as oestrogen receptors do not appear in GnRH neurones during anoestrus (Fig. 1a) . It is of equal interest that dopamine is not implicated in the negative feedback actions of testosterone on LH in rams during the non-breeding season (Tilbrook and Clarke, 1992) , suggesting that there are sex differences in oestrogen receptor or androgen receptor localization or expression at this time. The role of the oestrogen-receptive ARN dopamine neurones in regulating GnRH neurones is unknown, but it is possible that they may contribute to the presynaptic innervation of the nearby GnRH terminals (Kuljis and Advis, 1989) . Our preliminary evidence suggests that there is a sex difference in steroid receptor expression by ARN dopaminergic neurones, as they do not appear to express androgen or oestrogen receptors in rams (Herbison, unpublished) but express oestrogen receptors in ewes (Batailler et al., 1992; Lehman and Karsch, 1993) .
Preop tic GABA neurones are thought to have an important influence on the activity of neighbouring GnRH neurones in ewes (Robinson et a)., 1991; Robinson and Kendrick, 1992; Scott and Clarke, 1993a, b) . However, precisely what role they play in the gonadal steroid regulation of LH secretion in sheep is not clear. During the breeding season, preoptic infusion studies indicate that GABA actions through the GABA, receptor are essential for the normal pulsatile release of LH (Scott and Clarke, 1993a) and that a fall in extracellular GABA concentrations in the vicinity of the GnRH neurones occurs before the oestrogen-induced LH surge (Robinson el-a) ., 1991). Whether this decrease in GABA is brought about by oestrogen is unknown, but work in the rat POA suggests that this is unlikely as mRNA expression of glutamic acid decarboxylase, the synthetic enzyme for GABA, is not dependent on circulating oestrogen concentrations but falls before the LH surge (Herbison et al., 1992) . At present it seems more probable that preoptic GABA neurones in ewes are targeted by progesterone during the breeding season to help bring about its negative feedback actions on LH secretion (Robinson and Kendrick, 1992) . During the non-breeding season, however, recent work has indicated that GABA, receptors located in the POA may mediate part of the inhibitory effects of oestrogen on LH secretion. Bicuculline, the GABA, receptor antagonist, exerts similar inhibitory effects on LH secretion in the breeding season and in ovariectomized, anestrous ewes, but stimulates LH release in ovariectomized ewes the LH secretion of which has been inhibited by oestrogen during the non-breeding season (Scott and Clarke, 1993b) . This suggests that GABA neurones, acting through the GABAA receptor, are actively restraining GnRH secretion in the presence of oestrogen during the non-breeding season. Similarly, GABA actions on LH release through the GABA, receptor have been identified only in oestrogen-treated ovariectomized ewes during anoestrus, although, in this instance, the effects appear to be mostly on LH pulse amplitude (Scott and Clarke 1993b). The presence of oestrogen receptors in preoptic GABA neurones (Herbison et al., 1993a) and probably direct GABA innervation of GnRH neurones in ewes (Karsch et al., 1989) , combined with evidence for preoptic GABA neurones mediating negative feedback influences of oestrogen on LH secretion in rats (Herbison et al., 1991) , makes the preoptic GABA neurones of ewes a likely target for oestrogen in inhibiting LH secretion during the non-breeding season. It will be interesting to examine whether preoptic GABA neurones in the ram possess oestrogen receptors or androgen receptors and to determine whether there is an equivalent role for these cells in the negative feedback influences of testosterone on LH secretion.
Although there is little evidence that 13-endorphin neurones mediate oestrogen negative feedback actions on LH secretion during anoestrus (Brooks ef al., 1986; Horton et al., 1989) , naloxone has been shown by several groups to stimulate LH secretion in the breeding season (Horton et al., 1989; Conover ef al., 1993; Goodman, 1994) . Whether this tonic inhibition of GnRH neurones by 0-endorphin is brought about by steroid dependent or independent mechan sms is not fully understood but recent evidence indicates that 13-endorphin concentrations in the median eminence increase from luteal to follicular stages of the oestrous cycle before falling at the time of the LH surge (Domanski et al., 1991; Conover ei al., 1993) . This pattern of increasing 13-endorphin concentrations coincides with increasing oestrogen concentrations and the presence of oestrogen receptors in 13-endorphin cells (Lehman and Karsch, 1993) makes it possible that oestrogen stimulates these cells directly. Although oestrogen is not known to have dominant negative feedback effects during the sheep oestrous cycle (Goodman, 1994) , Evans ei al. (1993) reported that oestradiol acts centrally to reduce GnRH pulse size immediately before the LH surge, an action compatible with an oestrogen-induced increase in opioid tone at the level of the median eminence (Conover et a) ., 1993). As 13-endorphin is likely to influence GnRH neurones at both their cell bodies and terminals, it may play a particularly important role in preventing the premature activation of GnRH neurones early in the follicular phase (Domanski ei a)., 1991; Conover et al., 1993) . Rams have also been shown to have an endogenous opioid mechanism restraining LH secretion which, as in ewes, is active only in the breeding season and in the presence of gonadal steroids (Lincoln et al., 1987) . Whether 13-endorphin cells in the ARN of the male possess oestrogen receptors or androgen receptors is not known but, on the basis of the similar steroid-dependent actions of opioids on LH secretion in males and females, it is possible that there is a similar pattern of gonadal steroid receptor localization within B-endorphin cells in rams.
Finally, it is interesting to speculate on the possible role(s) of the steroid-receptive somatostatin neurones located in the ventrolateral division of the VMN. Blache el-aL (1991) showed that implants of the cells synthesizing somatostatin in the VMN, which account for nearly three-quarters of the oestrogen-receptor-expressing neurones in this region in ewes, might be considered to play a role in one or both of these functions. Although somatostatin is known to be a potent inhibitory neurotransmitter in the rat hypothalamus (Renaud et a) ., 1975), little is known about the function of VMN somatostatin neurones in any species. Somatostatin neurones in the ventrolateral VMN of the female rat also possess oestrogen receptors and preliminary evidence suggests that many of these somatostatin cells are activated during mating (Herbison, 1994) . A similar situation may occur in sheep as, unless there is a marked sex difference in the role of somatostatin neurones in the VMN, the observation that they possess oestrogen receptors in ewes and androgen receptors in rams suggests that these cells may be more involved in modulating sexual behaviour than the LH surge. However, it should be noted that neurones containing oestrogen receptors in the VMN of rats project to the POA and interconnections between these two steroid-receptive areas are well described in rats (Morrell et a) ., 1992) and sheep (Tillet et a)., 1993). Hence, an identified steroid-receptive neural population in the POA or VMN may function in the steroid-dependent actions of both regions.
Conclusions
Considerable progress has been made in defining the sites of oestrogen and androgen action in the sheep hypothalamus and a rational hypothesis can be formulated for the ways in which these steroids influence GnRH neurones in the breeding and non-breeding seasons. However, much remains to be done at both neuroanatomical and whole animal levels. In particular, the need for a full description of cells expressing oestrogen receptors in the ram hypothalamus and both qualitative and quantitative descriptions of neurones containing oestrogen receptors and androgen receptors in males and females, and in both seasons of the year are required. The identification of female-predominant sex differences in gonadal-steroid-receptive neurones may provide important information regarding the specific neural populations responsible for the generation of the LH surge in ewes. So far, we have identified only inhibitory neurotransmitters or neuropeptides in steroid-receptive cells of the sheep hypothalamus. It is envisaged that the combination of steroid receptor and immediate early gene immunocytochemistry, with or without the addition of neuroanatomical tracing methodologies, will be of great use in defining precisely which neurochernically identified, steroid-receptive neurones are involved in regulating which steroid-regulated components of reproductive behaviour and hormone secretion.
